The analysis of retinal ganglion cell responses to electrical stimulation is invaluable way to understand how the retina reacts and develops. Artificial visual prosthetics have made progress to some extent. Although there are several studies about retinal ganglion cell responses in the literature, experimental findings and information about responses to special stimulation patterns for developing high-resolution visual prosthetics are quite limited. In this study, rabbit retinal tissue was stimulated by biphasic, monophasic and ramp function current pulses with various amplitudes and pulse widths in a set of in vitro experiments. Rabbit retinal ganglion cell responses and spike activities are comparatively analyzed based on the applied electrical stimulation parameters. We conclude that biphasic current pulses provide a lower stimulation threshold of 10 µA with shorter pulse widths than those obtained by monophasic stimulation. Additionally, despite the fact that ramp function stimulation patterns have remarkable potential for eliciting spike formation with low stimulation thresholds, biphasic stimulation is chargebalanced and more convenient for high-resolution visual prosthesis systems.
Introduction
Electrical stimulation is used clinically for the treatment of diseases such as epilepsy, for deep brain stimulation for Parkinson's disease, in cochlear implants, and for alleviating pain. Recently, electrical stimulation has been used to restore vision in blind patients. Vision is initiated by the light in a healthy eye. The photoreceptor layer, the outer layer of the retina, receives the light and transforms it into electrical signals that are delivered to the inner layers. Electrical signals are sent to the retinal ganglion cell layer followed by spatial and temporal processing and coding in the inner layers. The output from each retinal ganglion cell represents individual nerve fibers. Together, the fibers form the optic nerve, which conveys processed signals to the brain. If there is any damage to the visual pathway, the light entering the eye does not create any vision in the brain because of signal loss.
Vision may be lost because of certain diseases. Most such diseases are degenerative eye diseases such as agerelated macular degeneration (AMD) and retinitis pigmentosa (RP). These diseases primarily impair the photoreceptor layer of the retina. Although photoreceptors are damaged, most of the nerve cells along the visual pathway, especially retinal ganglion cells, remain intact, even in patients with advanced-stage disease [1] [2] [3] . Thus, * corresponding author; e-mail: mahmutemincelik@gazi.edu.tr visual restoration could be provided by eliciting spots of light, called phosphenes, when remaining nerve cells, bypassing damaged parts, are electrically stimulated. A visual prosthesis could provide enough signal to enable basic mobility and navigation and provide the ability to sense surroundings in totally blind patients. Multidisciplinary studies have shown that retinal prosthetics could have potential for treating blindness caused by certain diseases that lead to photoreceptor degeneration.
Retinal prosthetics can be classified into 3 main classes depending on the anatomical region in which the implant is placed: epiretinal, subretinal, and suprachoroidal. Suprachoroidal prosthetics are placed in the region between the sclera and the choroid. Phosphene perception has been reported clinically for these prosthetics [4] . Although implantation is easier in terms of surgery and there is less risk of retinal detachment, these prosthetics do not provide the same spatial resolution that can be achieved by other approaches, and they require higher threshold currents to stimulate the retina because of the relatively long distance between the retina and the sclera [5] [6] [7] . With subretinal implants, electrodes are placed between the photoreceptor layer and retinal pigment epithelium layer. Chronic and acute trials demonstrated that reading large letters and object detection could be successively achieved [8] [9] [10] [11] . There are some advantages, including advanced electrode fixation and short electroderetina distance, but subretinal implants are more risky in terms of surgery because of the delicate tissue. Retinal detachment is a risk, and there is limited space for implant and electronics [11] [12] [13] [14] . The epiretinal approach is (1479) based on electrical stimulation of retinal ganglion cells, which mostly remain intact. There are several disadvantages to this method, including distorted stimulation patterns because of stimulation of axons near the electrodes, requiring more sophisticated image processing techniques to stabilize the implant in inner layers, but the advantage of the method is that implantation is easier and there is more available space in the vitreous cavity, which helps to dissipate the heat generated by the electronics [19] . Additionally, processed signals use the natural pathway in the retinal circuitry. These implants have the longest follow-up information and findings from animal experiments and acute and chronic human trials. Clinical studies performed with human subjects showed that recognizing and distinguishing object counters and reading letters with advanced correctness are possible [16] [17] [18] [19] [20] .
In recent years, significant progress in the field of visual prosthetics has been made, with the contributions from different fields including biomedical engineering, electronics and medicine. Visual prosthetics that seek to restore visual perception are based on electrical stimulation of functional nerve cells that remain intact; the stimulation simply bypasses the damaged parts of the retina. One of the most important aspects of visual restoration is determining the optimal stimulation parameters because neural activity is controlled by electrical stimulation. Electrical stimulation is applied via a microelectrode array placed in the target tissue of the visual pathway. Epiretinal prosthetics are one of the most studied approaches to visual prosthesis systems.
Understanding the retinal response to electrical stimulation is critical for retinal prosthesis design and development. The limits of stimulation current pulses should be sufficient to excite the retinal ganglion cells with the lowest amplitude. These limits are dependent on how much the nerve cells have been damaged, the amplitude and frequency of the stimulation pulses, the dimensions and layout of electrode array (circular, square, hexagonal) and the status of electrode firing. Studies that used biphasic, monophasic stimulation patterns and fixed spatial resolution electrode arrays demonstrated that stimulation thresholds vary by experiment, and there is not a golden standard to determine the best conditions [15, 21, 22] .
In contrast to traditional stimulation patterns and approaches, using a hexagonal electrode array, which has dynamic spatial resolution and combinational stimulation pulses, enables an understanding of retinal response that is lacking in the literature. In this study, the responses of rabbit retinal tissues are considered, and responses are recorded under the same conditions for electrical stimulation but with different patterns. The stimulation patterns used in the in vitro experiments with rabbits were biphasic, monophasic and ramp functions, which had various stimulation amplitudes (10, 50, 80, 120 µA) and pulse widths (100, 200 µs). Spike activity was analyzed, and threshold currents were determined.
Materials and methods
This section includes three important procedures to be followed during the experiments: retinal preparation and interfacing with the electrodes, electrical stimulation and recording, and analysis of neural activity.
Retinal preparation and interfacing with electrodes
The Gulhane Military Medical Academy (GMMA) Animal Experiments Ethics Board approved the care and use of animals. Dark adapted female New Zealand rabbits weighing 2-3 kg were used. The rabbits were first sedated with intramuscular injections of ketamine (40 mg/kg) and xylazine (10 mg/kg). They were sacrificed by high dose intravenous sodium pentobarbital. After enucleation of the eyeball, the front part of the eye and vitreous were removed. The eyeball was segmented in 4 mm by 4 mm patches and placed in the Ames medium (Sigma Chemical Co.). The time between sacrifice and placement in the medium was approximately 4-9 min. The Ames medium was buffered with sodium bicarbonate and equilibrated with a gas mixture of 95% oxygen and 5% carbon dioxide. The retinal tissue was isolated by removing the sclera, retinal pigment epithelium, and inner limiting membranes with tweezers. The retina segment and a small amount of medium were placed in the microelectrode array chamber so that the retinal ganglion cells faced the electrodes. The medium was taken removed so that retina could adhere well to the electrodes. The temperature of the solution was set to 37
• C, and the chamber was perfused to feed the retina and enable long-term recording without any loss of signal. These steps were performed under red dim light. Standard perfusate (solutes in mM: 100 NaCl, 30 NaHCO 3 , 50 glucose, 6 KCl, 2 MgSO 4 , 1 CaCl 2 , 1 NaHPO 4 ) was bubbled with 95% O 2 , 5% CO 2 with a pH of 7.5±0.2 and a temperature of 37±1
• C. A system block diagram is presented in Fig. 1 . 
Electrical stimulation and recording
The recording system included several main components: a microelectrode array (60HexaMEA-Ti, Multi Channel Systems GmbH, Germany), an amplifier (MEA1060-Amplifier, Multi Channel Systems GmbH, Germany), data acquisition equipment and software, a stimulus generator (STG4002, Multi Channel Systems GmbH, Germany), a temperature controller and a peristaltic perfusion system. The microelectrode array used for the in vitro experiments had 60 channels and a hexagonal layout. The electrode dimensions and interelectrode distances were 10, 20, or 30 µm and 30, 60, or 90 µm, respectively, as shown in Fig. 2 . The specific layout is an idealized representation of the architecture of the retina. The density of neurons is more important in the center than in the periphery. This is matched by the density of electrodes on the MEA, which are also denser in the center than in the periphery. The electrodes in the center had a diameter of 10 µm, with an inter-electrode distance of 20 µm, and the peripheral electrodes had a diameter of 20 µm and inter-electrode distance of 30 µm. The amplifier had a gain of 1000 and bandwidth of 1-5000 Hz, and it received information from 60 electrodes, each of which could be used for stimulation or recording, separately. Additionally, during the recording process, to prevent distortions caused by various sources, a Faraday cage and dark environment were used to isolate the system. An artifact appeared right after electrical stimulation. The artifact was quite different from others in terms of period and amplitude. The sampling frequency of the recording system was configured to be 25 kHz.
Stimulation trains with different amplitudes and pulse widths were formed. The amplitudes of the spike trains were 10, 50, 80, and 120 µA, and the pulse widths were 100 and 200 µs. Biphasic, monophasic and ramp functions were used as stimulation patterns, as shown in Fig. 3 . The stimulation current trains produced by the stimulus generator were delivered to selected electrodes of the hexagonal microelectrode array, and some electrodes were used as recording electrodes.
There were 20 successive stimulations that were applied for each stimulation type, including four different amplitudes and two different pulse widths. This procedure was repeated to obtain comparable results until the tissue died. Some stimulations were excluded because of large amounts of signal distortion. There were 263, 129, 152 stimulation trials for biphasic, monophasic and ramp function stimulation, respectively. It was taken into consideration that there is a need for sufficient trials to compare the results for each stimulation types. Although we made preparations to provide complete contact with the retina by cleaning carefully and using a poly-lysine coating, the adhesiveness of the retina on the electrodes varied, which is a problem that has also been noted in the literature.
Analysis of neural activity
Following the electrical stimulation, neural activity was recorded. Raw neural activity and isolated spikes are shown in Fig. 4 . Raw neural waveforms were transferred to the MATLAB environment and analyzed with custom scripts that included filtering with a 300 Hz highpass filter. Details are presented in another study [20] . Analysis of neural activity requires identifying and removing spontaneous activity. In this study, when the retina was in place and recording was started, the signal was only recorded until stability was reached, which was at least 10 s. Then, electrical stimulations began. The stimulation process was completed in such a way that at least 10 s were recorded in a blank, unstimulated area, when the stimulation amplitudes changed. In the analysis process, to eliminate the misleading effects of spontaneous activity, the unstimulated areas were examined, and average spike counts were determined and used as the "background activity". Then, the spike counts were determined for gaps between consecutive stimulation pulses. The spike counts and background activity were compared. If the spike count observed between two successive stimulation pulses was greater than background activity, it was accepted that the first stimulation pulse generated the spikes. This procedure was repeated for each stimulation pulse with different amplitudes. A perfusion system was used to keep the cells alive. However, to prevent misleading effects that would create a difference between the beginning and end of the recorded signal, background analysis was performed based on the areas unstimulated for 10 s, which were left for each stimulation amplitude. In this way, misleading effects of spontaneous activity were eliminated. The stimulation threshold was defined as the current amplitude that produced spikes with the highest percentage in repetitive stimulation pulses applied with a 2 s interval. Stimulation threshold success rate (STSR) was calculated for the most active electrode channels (MAECs) between 0% and 100% depending on how many stimuli excited spikes for applied consecutive pulses. Spike numbers and current thresholds were evaluated for the electrodes that showed the best recording in terms of signal to noise ratio. Whether the retina adhered the electrode or not had a huge impact on the recording performance. Recordings from all electrodes were not always available.
Results
Following the analysis of neuronal activity recorded after electrical stimulation, the results were presented by selecting some of the most active electrode channels (MAECs). Depending on the STSRs of the MAECs, the effects of biphasic and monophasic stimulation patterns on stimulation thresholds are shown in Figs. 5 and 6, respectively.
Neural activity is properly recorded. When the neural activity was analyzed, the stimulation threshold was determined to be 10 µA. The STSR for a 10 µA stimulation pulse was determined to be 75%. For 4 MAECs, success rates that elicited spikes for repetitive trials ranged from 22% to 100%. Additionally, when pulse widths were examined, we found that stimulation trials with a pulse width of 100 µs gave a better result because they induced more spikes than the other pulse width, 200 µs. Pulses with 100 µs and 200 µs pulse widths elicited spikes at success rates of 93% and 29%, respectively. Spike count characteristics show that, as the stimulation amplitude increases, spike count and spike ratio per pulse increase, as reported in the literature (Fig. 5b) . Following 10 µA stimulation, spike count increased for a stimulation amplitude of 50 µA.
Applied monophasic stimulation showed that the current threshold needed to excite the retina is 50 µA, Fig. 6a . According to the 2 MAECs, success rates vary from 56% to 84%. With regard to the effect of pulse width, longer pulses provide the minimum current threshold. Stimulation for 100 µs provides a spike success rate of 57%; stimulations with longer pulses of 200 µs have a success rate of 65%. Additionally, spike count per pulse showed an increasing trend depending on the stimulation amplitude, as shown in Fig. 6b . Successive stimulation trials show that higher amplitudes generate more spikes. The number of spikes per pulse rises from 10 µA to 120 µA amplitudes.
Stimulation using a ramp function showed that the current threshold is 10 µA for a pulse width of 100 µs. The averaged STSR was calculated to be 88%. The stimulation elicited 582 spikes are detected by using 152 stimulation trials and it corresponds to average of 3.8 spikes per pulse. 8 MAECs showed that success rates changes between 10% and 100%. Certain results, including the second part of stimulation series, could not be obtained. There were no significant findings, possibly because of the large distance between the retina and the electrode, which increases the electrode impedance.
Electrodes that showed spike activity after electrical stimulation were marked, and their results were analyzed. Electrodes that were used as stimulation electrodes are indicated in Fig. 2a ; other electrodes were used for recording. These electrodes were used at different phases of analysis depending on the conditions under which they were recorded. The "activity ratio", AR, was determined for these electrodes individually. It was defined as the number of stimulation trials that generated spikes (positive trials) in one electrode divided by all positive trials in its category. The results are shown in Table I . For biphasic stimulation, the data from four electrodes were used. Three of them had diameters of 20 µm; the other had a 30 µm diameter. The average AR of the 20 µm diameter electrodes was 27%, and it was 20% for the 30 µm diameter electrode. In monophasic stimulation, two of the 10 µm electrodes and two of the 30 µm electrodes could be analyzed. The average AR of values of the 10 µm and 30 µm electrodes were 18% and 16%, respectively. The AR of the 20 µm electrode was 49%. For ramp function stimulation, two 20 µm electrodes and two 30 µm electrodes were observed. Average ARs were calculated as 12% and 38%, respectively. Based on the results, it was concluded that smaller electrodes are more effective on a large scale. 
Discussion
Safe stimulation limits and electrical stimulation parameters for neural prosthetic devices should be taken into consideration in the design and development systems for long-term use without removal. Safe stimulation, which means that electrical stimulation is applied within predefined limits, guarantees the creation of action potentials in retinal ganglion cells outputs without causing any damage or side effects. Charge injection limits, which depend on the electrode material, should be tolerable limits that avoid electrode corrosion and tissue damage.
Electrical stimulation plays an important role in neural activity. High-resolution systems for artificial sight restoration require stimulating the retina with the lowest possible stimulation current that can elicit distinguishable phosphenes. Thus, the determination of optimal stimulation parameters is quite important for effective stimulation.
The stimulation current thresholds are determined based on comparative analysis of the recordings, which are obtained using different stimulation patterns. Trials include a wide range of stimulation amplitudes. In vitro experiments serve as a basis for more detailed studies that can determine more accurate threshold levels. The number of MAECs changes in different cases, and may affect the analysis. This is because the electrode-tissue distance changes, and adherence of the tissue to the electrode may vary.
Optimal stimulation parameters must be determined to activate the retinal ganglion cells with the lowest amount of current possible. The optimal levels depend on how damaged the layers are, the stimulation amplitude, the pulse width, and the frequency of applied pulses. Additionally, the region of electrode placement, electrode size, inter-electrode distance and whether or not all electrodes are fired simultaneously have important effects on the optimal limits. Thus, the threshold limits reported in the literature vary. This work provides important findings about understanding retinal responses to electrical stimulation, and it includes different stimulation patterns, which is often lacking in the literature.
Biphasic and monophasic pulses were analyzed, which are two types of stimulation patterns that are frequently used in neural prosthetic devices. Biphasic stimulation was able to elicit spikes using lower threshold currents (10 µA) than monophasic stimulation. Obtaining this result using short pulse widths of 100 µs also shows that short pulses are more suitable for direct stimulation of retinal ganglion cells. Shorter pulses directly activate the ganglion cells by triggering voltage-controlled sodium channels in the cell membrane. Hence, axons are the best places for stimulation because of the dense channels in the proximal fields of axons. Because it is thought that voltage-controlled sodium channels can be activated by rapidly changing charges, short stimulation pulses are ideal. For monophasic stimulation, a higher threshold level, 50 µA, was obtained. Pulse widths of 100 and 200 µs had equal effects on current threshold. This shows that longer pulse widths elicit action potentials by using presynaptic neurons. Compared to retinal ganglion cells, photoreceptors and bipolar cells have different biological structures, and longer pulse widths could be more convenient to activate their ion channels [22, 23] . Less frequent stimulation pulses can activate the bipolar and photoreceptor cell network with lower threshold values than required for the activation of axons. When the ramp function was used, the stimulation threshold was determined to be 10 µA, and the pulse width was 100 µs. Because the ramp function has step-by-step increasing amplitude levels, it could be more successful in providing low threshold levels, but more detailed studies are required. Rapidly changing short pulses show better results for direct stimulation of retinal ganglion cells. Moreover, only ramp-based stimulation provided sampling of stimulation currents as steps. For some situations, interpretable results could not be obtained because of reduced retina-electrode contact or high electrode impedance. Spike counts per pulse (SCPP) were higher than for other types of stimulation, at the points at which stimulation thresholds were recorded. Additionally, spike counts per pulse decreased as threshold success ratio decreased. Regarding the effect of electrode dimensions on spike activity, smaller electrodes were more effective. For each situation, different electrodes were used because different stimulation points were used. This was because of better adhesion and close distance to active nerve cells.
Conclusion
Although visual prostheses are promising and provide hope for visually impaired people, clinical experiments performed with human subjects show only improved mobility and object localization. Pixelized vision, in which light points are provided by separate electrodes, has not been achieved. It is reported that vision including details of faces and objects is not possible because of the fading of light spots and other visual degradation. The current state-of-the-art, which includes low quality and inconsistency between patients, is far from ideal. The most important challenge to overcome is to provide higher resolution systems. To achieve this goal, the number of stimulation electrodes should be increased. An optimal electrical stimulation strategy should enable safe stimulation by forming distinguishable light spots. Using lower stimulation current within safe limits makes it possible to run more electrodes and to design high-resolution systems, and developing these systems requires determining the optimal stimulation patterns. This work shows that the biphasic stimulation method results in lower threshold levels by using shorter stimulation pulses, and it is more convenient for stimulating retinal ganglion cells.
